Abstract-In this paper we present a new framework to approach the problem of Electromagnetic shape optimization. We use a level set method with an implicit moving interface model. Such level set models are flexible in handling complex shape changes. Furthermore, by using a simple Hamilton-jacobi equation, the movement of the implicit interface is driven by a transformation of objective and the constraints into a speed function that defines the level set propagation. The numerical result shows the validity of the present technique.
In the shape design of electromagnetic devices using the sensitivity analysis based on the finite element method, the choice of design variables has an effect on success of optimal design. Boundarybased design variables has been a major choice for the shape optimization, In essence, the design domain is represented by a set of design variables directly control the boundary, for example, through the control points of B-splines. This technique, however, has several drawbacks including the need of expensive re-parameterization in case of topological changes.
The level set method, which has several advantages, was instigated by Osher and Sethian for numerically tracking fronts and free boundaries [1] , and recently introduced in the field of shape optimization. First, its main feature is to enable an accurate description of the boundaries on a fixed mesh. Therefore it leads to fast numerical algorithms. Second, its range of application is very wide, since the front velocity can be derived from the classical shape sensitivity. Finally, it can handle some kinds of topology changes, and can split and merge as necessary in the course of deformation without the need for re-parameterization. Because of these advantages, level set methods are becoming a powerful mathematical tool to deal with shape and topology optimization problems. This paper employs the level set method for the shape optimization of electromagnetic devices. the boundary of the structure is embedded in a scalar function of a higher dimensional. The dynamic change of the boundary is governed by a partial differential equation of Hamiltonjacobi type, thus, the shape optimization is described as a solution of the Hamilton-jacobi equation. To show validity of presented technique, a magnet shape design for generating uniform magnetic field is tested.
SHAPE OPTIMIZATION PROBLEM
In this paper we use a magnetostatic structure to describe the problem of shape optimization in Electromagnetic Devices. The shape design problems of electromagnetic devices always result in designing the material interface boundary between different materials as depicted in Fig. 1 . Consider two different reluctivity in two dimensional space, where Ω + and Ω − denote the two regions, Γ is the boundary of Ω + , γ is the interface of Ω + and Ω − . Let Γ = Γ 0 + Γ 1 be fixed and interface γ be varied, the general problem of magnetostatic shape optimization is specified as
where A and H are the magnetic vector potential and magnetic field intensity, ν is the reluctivity, M is the permanent magnetization and J is the current density, The symbols m f , m g , and m h denote the characteristic functions that represent parts of the analysis space Ω and γ. 
THE LEVEL-SET MODEL OF SHAPE OPTIMIZATION
The key feature of the level set approach is to represent domains and their boundaries not via parameterizations, but as level sets of a continuous function Φ, the so-called level set function [1] .
The implicit function Φ(x) is used to represent the boundary and to optimize it, as it was originally developed for curve and surface evolution. The change of the implicit function Φ(x) is governed by the simple Hamilton-jacobi equation
where V (x) defines the "velocity" of each point on the boundary. Since the tangential components of V would vanish, it can be written as
where V n defines the normal velocity of each point on the boundary. In this dynamic level set model, the shape optimization process can be viewed as follows. Let V n be the normal movement of a point on a surface driven by the objective of the optimization, such that it can be expressed in terms of the position and the geometry of the surface at that point. Then, the optimal structural boundary is expressed as a solution of a partial differential equation, When the steady state of this equation is achieved (i.e., V n = 0), the optimality condition is also achieved and, hence, an optimal shape of the structure is obtained. This is the well-known gradient descent method, where the velocity V n , which is to be chosen plays an important role.
VELOCITY CHOICE
The velocity controls the scheme of the optimization in the level set model and an appropriate choice is thus essential.. our approach presented here is to bridge the well-established methods of shape sensitivity analysis with the powerful methods of level sets to fulfill our goal of general shape optimization within the implicit boundary framework.. Sensitivity is expressed as the total derivative of the objective function to design parameters. it can be developed using continuum approach. The material derivative concept of continuum mechanics and the adjoint variable method are used to express the relation between the change of shape and that of objective function. the general sensitivity formula in a linear magnetostatic system is expressed as [2] dF dp
B is the magnetic flux density vector, p the shape design parameter, n the normal vector on the interface γ, X the position on the interface, * and ** mean respectively region Ω + and Ω − , λ is the adjoint variable which can be described in the adjiont system as [3] :
where g 1 = ∂g / ∂H , f 1 = ∂f / ∂A and h 1 = ∂h / ∂A , discrete the equation, we can get the normal velocity at any point on the interface as
NUMERICAL PROCESS
In this section, we will give some useful hints for the numerical implementation of such an algorithm.
Initialization
The first step in this iterative process is to define an initial shape of the object. This can be done by choosing the domain Ω 0 and deduce the level set φ (0, x), The choice of this level set is quite free, we define the level set as the oriented distance function [1] :
As the interface evolves, ϕ will generally drift away from its initialized value as signed distance, in order to keep ϕ as signed distance function, we can solve a Hamilton-jacobi equation for its steady state [1] ,
where sign (φ) is a sign function taken as 1 in Ω + , −1 in Ω − , and 0 on the interface.
Field Calculation
At each step, we have to compute a direct field A and adjiont field λ, both problem can be solved by finite element method. So the normal velocity at any point on the interface can be deduced by using Equation (11). In the level set formulation, we need the normal velocity V n in a neighborhood of the interface γ, the most natural way to extend the normal velocity off the interface is to let the V n be constant along the normal to γ such that
This lead to the following Hamilton-jacobi Equation [ 1]
Discrete Computation Schemes [1]
The discrete solution to the Hamilton-jacobi equation is computed using finite differences over discrete time steps ∆t = h t and on the discrete grid ∆x = h x , based on the notion of weak solutions and entropy limits, a so called "up-wind scheme" is proposed to solve with first order update equation. Higher order schemes can also be obtain for discrete approximation.
Algorithm
Let us briefly summarize the algorithm:
1. Choose the initial domain Ω 0 and define the level set function through the oriented distance function; 2. Iteration until convergence, for k ≥ 0:
(a) computation of the direct field A and adjiont field λ in Ω k by the finite element method, according the Equation (11),compute the normal velocity V n on the interface. (b) extend the normal velocity off the interface by solving the Hamilton-jacobi Equation (15) (c) Deformation of the shape by solving the Hamilton-jacobi Equation (6), the new shape Ω k+1 is characterized by the level set function φ k+1 solution of (6) after a time step ∆t k , the time step ∆t k is chosen such that F (Ω k+1 ) < F (Ω k ).
NUMERICAL EXAMPLE
Numerical example presented here for electromagnetic shape optimization have been studied in the relevant literature [4] , the initial magnet shape is show in Fig. 2 . The aim of this design is a uniform magnetic flux density in the air gap (region B in Fig. 2 ) The objective function is defined as
where B i is the calculated magnetic flux density at the i-th point, B oi is the target value, nn is the number of measure points. The design variable is the interface A of iron and air, Choose the reference domain Ω 0 involve the interface. The reference domain is divided into square cells of 81×41, the interface is embedded in the reference domain by the level set function. As the optimization process, the interface A will be changed as motion defined by the Hamilton-jacobi equation until a termination as illustrated in Fig. 3 . The convergence trend of the objective function is illustrated in Fig. 4 . 
CONCLUSION
We have presented a level set based method for the shape optimization of electromagnetic devices. This method leads naturally to a dynamic framework of a Hamilton-jacobi equation governing motions of the level set with flexibility of handling shape changes. We have established a relationship between the velocity field in the Hamilton-jacobi equation to the shape sensitivity analysis. This relationship justifies a proper choice of the velocity field for an optimization process. The numerical result shows the validity of the present technique.
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